Accurate chromosome segregation requires the proper assembly of kinetochore proteins. A key step in this process is the recognition of the histone H3 variant CENP-A in the centromeric nucleosome by the kinetochore protein CENP-N. We report cryo-electron microscopy (cryo-EM), biophysical, biochemical, and cell biological studies of the interaction between the CENP-A nucleosome and CENP-N. We show that human CENP-N confers binding specificity through interactions with the L1 loop of CENP-A, stabilized by electrostatic interactions with the nucleosomal DNA. Mutational analyses demonstrate analogous interactions in Xenopus, which are further supported by residue-swapping experiments involving the L1 loop of CENP-A. Our results are consistent with the coevolution of CENP-N and CENP-A and establish the structural basis for recognition of the CENP-A nucleosome to enable kinetochore assembly and centromeric chromatin organization.
The CENP-N construct used for the present structural analysis (hCENP-N ) and the regions of the sequence whose structure we report here [N-terminal domain: residues 1 to 81, and central domain: residues 101 to 185; hCENP-N ] are shown in the middle and bottom panels, respectively. (C) Cryo-EM density map of the hCENP-N 1-286 /CENP-A nucleosome complex as viewed from the side, at an orientation 90°to the view shown in (A). This view also depicts the extra density connected to the N-terminal domain that we assign to MBP, shown with lighter shading. (D) Representative regions of the cryo-EM density map to illustrate map quality (from left to right) for canonical histones H2A, H2B, and H4, centromere-specific H3 variant CENP-A, nucleosomal DNA, and CENP-N. S1, data set 1). The complex with 2:1 stoichiometry is a smaller fraction of the overall population, and the density observed for the second site is weaker than at the first site. In the absence of excess hCENP-N , most of the 2D class averages displayed only one molecule of hCENP-N 1-286 bound to the CENP-A nucleosome ( fig. S5C ). We refined this population to obtain a 3D reconstruction at an overall resolution of 3.9 Å for the complex formed between hCENP-N 1-286 and the CENP-A nucleosome ( Fig. 1; figs. S5 and S6; and table S1, data set 2). The density map shows an identifiable nucleosome and a bi-lobed assembly corresponding to hCENP-N (Fig. 1, A to C) . The resolution of this map is highest in the core of the CENP-A nucleosome and lower in the periphery and in the bound CENP-N (Fig. 1D and fig. S6 ). The resolution (~3.5 Å) of the CENP-A nucleosome core is adequate for direct interpretation in terms of an atomic model, as side-chain densities are clearly visualized (Fig. 1D and fig. S7 ). The final structure of the CENP-A nucleosome core is similar to the crystal structure of the free CENP-A nucleosome [Protein Data Bank (PDB) ID 3AN2] (12) . Although the DNA near the entry and exit sites can be visualized ( fig. S8 ) and is displaced farther from the core histones in comparison with the canonical nucleosome structure (PDB 3LZ0) (13) , the importance of these minor differences with previously reported structures is currently unclear.
The map of the CENP-N region is at a lower resolution (~4.5 Å) ( fig. S6, C to F) . At this resolution, densities for several a-helical regions and b strands are well resolved, but because sidechain densities are not delineated, it is not possible to thread the sequence unambiguously into the density map. To identify CENP-N residues that may form the interface with the CENP-A nucleosome, we carried out an extensive, iterative process to predict and fit various stretches of secondary structure elements and subdomains into the density map (see materials and methods). These efforts resulted in a predicted molecular model with a sequence assignment based on the modeled subdomains (figs. S9 and S10 and table S1). likely to form the interface with the CENP-A nucleosome.
In our model, residues 1 to 185 of hCENP-N are organized into distinct N-terminal and central domains ( Fig. 1 and figs. S9 and S10). On the basis of binding studies, the MBP moiety, which is attached to the N terminus of hCENP-N 1-286 through a dipeptide (alanine-alanine) linker, does not interfere with the hCENP-N/CENP-A nucleosome interaction ( fig. S3 , C to G). The apparent dissociation constant (K D ) values for MBP-tagged and untagged hCENP-N 1-286 are 0.042 ± 0.007 mM and 0.046 ± 0.008 mM, respectively. This is consistent with our assignment of the location of MBP to the weak density on the side of hCENP-N 1-286 that is distal from the core (Fig. 1C and figs. S5E and S6A). The density marked "unaccounted" in fig. S9E likely reflects an ordered polypeptide segment beyond residue 185 ( fig. S9,  A and B) . The N-terminal hCENP-N domain, comprising residues 1 to 81, is composed of five antiparallel a helices that show structural conservation to proteins of the death domain superfamily, whereas the central domain, comprising residues 101 to 185, contains both a helices and b strands with similarity to regions of the appendage domain of b2 adaptin ( fig. S9, F to H)  (14, 15) .
The structure of the complex shows that hCENP-N 1-286 has direct interactions with the DNA of the nucleosome, as well as with the L1 loop of CENP-A ( Fig. 2A and fig. S11, A and B) . We identified several positively charged residues of hCENP-N proximal to nucleosomal DNA that likely form stabilizing interactions with the backbone phosphates of DNA (Fig. 2B) . Consistent with our structural model, mutations of hCENP-N residues R11, K15, and K45 have already been shown to reduce this protein's ability to bind the CENP-A nucleosome, and further, mutation of R11 disrupts centromeric localization and the recruitment of other CCAN proteins in human cells (8) . To further verify the role of these and other residues identified at the interface, we constructed hCENP-N 1-286 mutants in the N-terminal domain [R11→A11 (R11A), R44A, K45A, and K81A] and in the central domain (K148A, R169A, and R170A) and analyzed the binding by electrophoretic mobility shift analysis; these mutations impair hCENP-N 1-286 binding to the CENP-A nucleosome (Fig. 2C) . Mutation of residues H77, H79, or K90, which are located on the linker connecting the N-terminal and central domains, also resulted in various extents of decreased binding affinity ( fig. S12A) , likely due to perturbations of CENP-N tertiary structure. As controls, we also tested the effects of mutating several positively charged residues predicted to be distal from the nucleosomal DNA (R60A, K109A/K110A, and K143A) or residues beyond the central domain (K207A, R236A, and R250A). All of these mutations had minimal effects on hCENP-N 1-286 binding affinity (Fig. 2D and fig. S12A) (7) .
To examine the physiological importance of CENP-N interactions with the nucleosomal DNA, we mutated conserved and analogous residues within Xenopus laevis CENP-N (xCENP-N) ( fig.  S13A ) and tested their effects on the centromeric localization of the exogenously expressed MBPxCENP-N/CENP-L complex in interphase Xenopus egg extracts ( fig. S14) . Mutation of xCENP-N residues R29, K99, and K165 (which correspond to residues R11, K81, and K148 in hCENP-N) led to a significant reduction in the localization of the xCENP-N/L complex to centromeres ( Fig. 2 and fig. S14I ) and suggest that the interactions with nucleosomal DNA identified in the structure of the hCENP-N 1-286 /CENP-A nucleosome complex are conserved across Xenopus and human centromeres. In our structural model, the N-terminal helix of hCENP-N 1-286 is in contact with the L1 loop of CENP-A, in which residues R80 and G81 constitute an insertion compared to canonical H3.1 ( fig. S11B) (12) . Previous studies have shown that hCENP-N fails to localize to the centromere upon a double mutation of R80A and G81A in CENP-A (11), and substitution of the CENP-A targeting domain (CATD), including the L1 loop and a2 helix, to the corresponding region in H3 (H3   CATD   ) is sufficient for recruitment of CENP-N (8, 16) . We further corroborated these findings by in vitro mutational analysis ( fig. S12B ) and cryo-EM structure determination of the hCENP-N 1-286 /H3.1 CATD chimeric nucleosome complex ( fig. S15 and table S1 ), which revealed that hCENP-N 1-286 binding to the chimeric nucleosome is structurally similar to its binding to CENP-A containing nucleosome ( fig. S15E) . In our structural model of the hCENP-N 1-286 /CENP-A nucleosome complex, conserved residues E3 and E7 from helix 1 of hCENP-N are proximal to R80 of CENP-A, and residue T4 of hCENP-N is close to V82 of CENP-A (Fig. 3, A and B, and fig. S11 ). The structure thus suggests that both electrostatic and hydrophobic interactions are involved at the interface. Gel shift assays indicate that the E3A/E7A and T4A mutants of hCENP-N 1-286 bind to the CENP-A nucleosome with reduced affinity, whereas the E3K, E7K, E3K/E7K, and E3A/T4A/E7A mutants show aberrant binding (Fig. 3C and fig. S12C ). Further, the E3K/E7K and E3A/T4A/E7A mutants exhibit loss of specificity for CENP-A over H3.1 nucleosomes (fig. S12, D and E) . Together, these results are consistent with a model in which a small number of residues of hCENP-N that interact with the L1 loop of CENP-A provide interaction specificity, whereas broad electrostatic interactions with the backbone phosphates of DNA enhance binding affinity.
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To further evaluate the physiological importance of CENP-N interactions with the L1 loop of CENP-A, we examined the effects of the xCENP-N double mutants E21A/E25A and E21K/E25K (which correspond to mutations E3A/E7A and E3K/ E7K in hCENP-N) on centromeric localization in Xenopus egg extracts (Fig. 3, D and E, and  fig. S13A ). Complete loss of centromeric localization was observed in the E21K/E25K mutant but not in the E21A/E25A mutant (Fig. 3, D and  E, and fig. S14C ). Furthermore, the W22A mutation in xCENP-N (corresponding to mutation of T4 in hCENP-N) severely disrupted centromeric localization (Fig. 3, F to H, and fig. S14D ). Thus, the localization of xCENP-N appears to depend more on hydrophobic rather than electrostatic interactions as compared with that of hCENP-N, where the E3A/E7A mutation leads to a total loss of centromeric localization in human cells (fig. S14, G to I). Our results support a model in which residues within helix 1 of hCENP-N (E3, T4, and E7) are critical for the recognition of the L1 loop within the CENP-A nucleosome.
CENP-A and centromeric DNA sequences show evidence for rapid evolution (17, 18) , and alignments of the CENP-N N-terminal region and the CENP-A L1 loop across eukaryotes show a high degree of variability ( fig. S13, B to D) . To test whether CENP-N may have coevolved with CENP-A to maintain kinetochore assembly, we created a chimeric CENP-A nucleosome in which R80 and V82 of hCENP-A were respectively replaced by Cys and Met to mimic the Xenopus CENP-A L1 loop sequence (Fig. 3F) . Wild-type hCENP-N does not interact with the chimeric nucleosome (Fig. 3I ), in agreement with decreased centromeric localization of a W22T xCENP-N mutant ( fig. S14, E and F) . However, chimeric nucleosome binding could be enabled by a complementary hCENP-N T4W mutant, which also retained its affinity for wild-type hCENP-A nucleosomes (Fig. 3I) . Together, these results suggest that CENP-N has likely coevolved with CENP-A to enable kinetochore assembly using hydrophobic and electrostatic interactions to recognize centromeric chromatin across different species.
Centromere identity and function are specified by a two-step mechanism wherein the deposition of CENP-A at the centromere by the CENP-A chaperone HJURP allows for the recognition of CENP-A by the kinetochore proteins CENP-C and CENP-N (19) . Structures of HJURP (20) (21) (22) , CENP-C fragments (5), and CENP-N (this study) in complex with different forms of CENP-A show that, in all three cases, only a small number of residues are involved in the specific recognition of CENP-A, whereas additional interactions are used for further stabilization (Fig. 4A, and fig. S11 , C and D). These residues on CENP-A have both conserved and necessary functions, despite the variability of their amino acid sequence across eukaryotes. Our data suggest that the CENP-Ainteracting residues of CENP-N coevolve with CENP-A, which could reflect a common strategy for maintaining CENP-A specificity (17) . Previous studies (7, 23) and our results (Fig. 4B and fig. S2 , A and D) show that CENP-N and fragments of CENP-C that include one of its two CENP-A nucleosome binding domains [ fig. S2E , central domain (7, 23) , or CENP-C motif (this work)] can simultaneously bind to the same face of the CENP-A nucleosome. Furthermore, the kinetochore protein CENP-L has been shown to mediate interactions between CENP-C and CENP-N (9, 23-25). Thus, the valency of CENP-C/CENP-N/CENP-L interactions could facilitate clustering of sparse and nonadjacent CENP-A nucleosomes (Fig. 4C)   (9, 26) , which might help to establish the folding of centromeric chromatin (27, 28) and/or the integrity of the kinetochore (29, 30) .
